Mitochondrial biogenesis and morphological changes are associated with tissue-specific functional demand, but the factors and pathways that regulate these processes have not been completely identified. A lack of mitochondrial fusion has been implicated in various developmental and pathological defects. The spatiotemporal regulation of mitochondrial fusion in a tissue such as muscle is not well understood. Here, we show in Drosophila indirect flight muscles (IFMs) that the nuclear-encoded mitochondrial inner membrane fusion gene, Opa1-like, is regulated in a spatiotemporal fashion by the transcription factor/co-activator Erect wing (Ewg). In IFMs null for Ewg, mitochondria undergo mitophagy and/or autophagy accompanied by reduced mitochondrial functioning and muscle degeneration. By following the dynamics of mitochondrial growth and shape in IFMs, we found that mitochondria grow extensively and fuse during late pupal development to form the large tubular mitochondria. Our evidence shows that Ewg expression during early IFM development is sufficient to upregulate Opa1-like, which itself is a requisite for both late pupal mitochondrial fusion and muscle maintenance. Concomitantly, by knocking down Opa1-like during early muscle development, we show that it is important for mitochondrial fusion, muscle differentiation and muscle organization. However, knocking down Opa1-like, after the expression window of Ewg did not cause mitochondrial or muscle defects. This study identifies a mechanism by which mitochondrial fusion is regulated spatiotemporally by Ewg through Opa1-like during IFM differentiation and growth.
INTRODUCTION
Biogenesis and dynamic changes in shape and size of mitochondria are important for tissue growth and survival. Mitochondria exhibit continual changes in their shape, size and number through the processes of fusion and fission, which are dependent upon cellular demands (Westermann, 2008) . In muscles, mitochondrial shape and size defects have been associated with pathological (Chen et al., 2010; Kelley et al., 2002) and age-related (Austin and St-Pierre, 2012; Crane et al., 2010; Seo et al., 2010) disorders. Thus, the mechanisms that regulate the dynamic shifts in shape, number and size of mitochondria in muscle are likely to be important in the maintenance of muscle integrity and function.
A number of molecular players are known to be required for mitochondrial fusion and fission (Chan, 2012; Hock and Kralli, 2009 ). In mammals, three dynamin-related proteins containing GTPase domains control the fusion process. Two of these, mitofusin 1 (Mfn1) and mitofusin 2 (Mfn2), facilitate outer membrane fusion (Chen et al., 2005; Chen et al., 2003a; Song et al., 2009 ) whereas optic atrophy 1 (Opa1) is necessary for inner membrane fusion (Chen et al., 2005; Meeusen et al., 2006; Olichon et al., 2003; Song et al., 2009) . Dynamin-related protein 1 (Drp1) is required for fission and is recruited to mitochondria in association with an adaptor protein, Fis1 (Chen and Chan, 2009 ). The genes that encode these mitochondrial shaping proteins are nuclear, so their expression is regulated by various nuclear factors. Peroxisome proliferative activated receptor-c coactivator1a (PGC-1a) is known to mediate mitochondrial biogenesis and function (Scarpulla, 2008; Wu et al., 1999) . PGC-1a and its target estrogen-related receptor-a (ERR-a) stimulate the expression of Mfn2 in muscles (Cartoni et al., 2005; Soriano et al., 2006) . In addition, PGC-1a enhances the activity of nuclear transcription factors required for expression of nuclear-encoded mitochondrial genes (Scarpulla, 2008) . Two of those specific transcription factors are nuclear respiratory factor 1 (NRF1) and nuclear respiratory factor 2 (NRF2). The Drosophila homolog of NRF2, Drosophila Ets-like gene (Delg) is involved in nutritiondependent mitochondrial biogenesis in larval fat bodies (Baltzer et al., 2009) .
The Drosophila homolog of NRF1 is Erect wing (Ewg), with which it shares significant protein sequence similarity (Fazio et al., 2001) . In vertebrates, NRF1 is known to regulate nuclear expression of factors required for mitochondrial transcription and translation (Kelly and Scarpulla, 2004) and protection against oxidative stress (Kwong et al., 1999) . However, there are no reports linking Ewg with mitochondrial biology. It is known that Ewg is expressed widely, including in developing neurons (DeSimone and White, 1993) , larval salivary glands (Xin et al., 2011) , larval fat bodies (Baltzer et al., 2009 ) and pupal indirect flight muscles (IFMs) (DeSimone and White, 1993) . The function of Ewg in larval salivary glands and fat body is not known. In neurons, however, Ewg regulates synaptic growth at neuromuscular junctions (NMJs) of third instar larvae (Haussmann et al., 2008) . In IFMs, Ewg is expressed in the fusing myoblasts and developing muscle for a limited, yet specific, developmental period (DeSimone et al., 1996) . In the absence of Ewg, defects in the number of IFMs are seen (DeSimone et al., 1996) . The IFMs have a similar striated structure to vertebrate skeletal muscles and have large tubular mitochondria, typically arranged between the myofibrils (Rai and Nongthomba, 2013; Reedy and Beall, 1993; Sparrow et al., 2008; Taylor, 2006) . IFMs thus constitute a valuable in vivo model with which to determine whether Ewg has any role in mitochondrial dynamics and muscle maintenance.
Despite the requirement of mitochondrial fusion in tissue function and survival, very little is known regarding the tissuespecific mechanism(s) that regulates mitochondrial fusion in a spatiotemporal manner (Chan, 2012) . Also, whether loss of such a regulation would result in defects in mitochondrial distribution that can be directly correlated to muscle development or maintenance is not clear. Therefore, in the present study, we followed changes in shape and size of mitochondria throughout IFM development. Our major finding is that Ewg is required for upregulation of Opa1-like during late pupal IFM development. We further show that Opa1-like levels achieved during the expression window of Ewg are sufficient to support the mitochondrial fusion and maintenance of muscle integrity.
RESULTS

Disintegration of myofibrils and myofilaments takes place in the Ewg null condition
Ewg is required for both IFM and neuronal development (DeSimone and White, 1993) . Hence, a genotype (ewg l1 ; NS 4 ) was used that rescued the neuronal functions of Ewg by expression of a ewg transgene in neurons (DeSimone and White, 1993) . The hemithorax of the wild-type flies with six dorsal longitudinal muscles (DLMs; subset of IFMs) and their innervations are shown in Fig. 1A and 1A9, respectively. In contrast, in the Ewg null mutant (ewg l1 ; NS 4 ) thorax, most of the IFM fibres were lost (Fig. 1B-B0 ,C-C0) and persisted only as actin-stained clumps (Fig. 1B,C, arrowheads) , although some complete fibres were seen in a few cases (Fig. 1C, star) . In the absence of the muscles, innervations are abnormal (Fig. 1B9,C9 ). At higher magnification the wild-type DLM showed bundles of myofibrils with the nuclei between them (Fig. 1D-D0 ). In contrast, in the mutant, the myofibrillar materials inside the clumps were disorganised, with occasional fragments of myofibrils (Fig. 1E9,F9 , arrows) and the nuclei remained associated with the myofibrillar materials (Fig. 1E0,F0 ). In the few whole fibres (Fig. 1C, star) , organized myofibrils were seen (data not shown). To examine whether these non-degenerate DLMs were normal at the myofibrillar level, these structures were examined by electron microscopy (EM). EM cross sections (Fig. 1G ) of wild-type DLM revealed the very regular hexagonal lattice of thick and thin filaments, typical of IFM myofibrils. Hexagonal lattices were observed in some mutant myofibrils also, but they were less regularly arranged, revealing regions with an abnormal myofibrillar lattice and irregular inter-filament distances (Fig. 1H, arrows) . Some of the myofibrils also showed evidence of degeneration (Fig. 1I, arrowhead) . Overall, it is likely that differentiation and assembly of structural proteins take place in Ewg null muscles, but degeneration ensues.
Loss of Ewg results in abnormal mitochondrial morphology in adult IFM
IFMs typically have numerous large mitochondria to meet the high energy demand associated with flight (Sohal, 1976) . To study the effects of ewg l1 mutation on mitochondrial morphology, two parameters were measured; the first was mitochondrial area, which represents the overall two-dimensional aspect, and the second was the aspect ratio (the ratio of the major to minor axes of mitochondrial profile), which provided a measure of circularity (a value of 1.0 indicates round mitochondria). Measurements were restricted to DLM fibres. Wild-type mitochondria ( Fig. 2A-A0 ) were large (mean area 2.44560.1295 mm 2 , n576; Fig. 2D ) and mostly tubular in shape (mean aspect ratio 2.81560.1905, n548, Fig. 2E ). In contrast, mitochondria in DLMs of Ewg null mutant showing phalloidin-TRITC-stained myofibrils (red) and anti-Dmef2-stained nuclei (Dmef2 is a transcription factor expressed throughout IFM development). (E-E0) A region of degenerated IFM is seen in the mutant. (F-F0) Higher magnification reveals broken myofibrils with some nuclei inside a degenerate mass (arrows). (G) EM transverse section (TS) of wild-type DLM shows a myofibril with a normal lattice structure. (H) In mutant, the lattice is irregular with larger spaces between filaments (arrows). (I) In extreme cases, degeneration (arrowhead) within a myofibril with scattered myofilaments is seen. Asterisk denotes a Z-disc. Myf, myofibril. Scale bars: 100 mm (A-C); 3.5 mm (D-F) ; 500 nm (G-I). Fig. 2B-B0 ) were much smaller (mean area 1.81660.1549 mm 2 , n557, Fig. 2D ) and rounder (mean aspect ratio 1.26160.03742, n556; Fig. 2E ), highlighting a very substantial change in mitochondrial morphology. The degenerating clumps of myofibrils observed in mutants were surrounded by similar smaller and rounder mitochondria ( Fig. 2C-C0) . Additionally, the number of mitochondria was counted in the inter-myofibrillar region for a span of three sarcomeres, and was found to be significantly (***P,0.0001) larger in the mutants (mean mitochondrial number 8.19460.3974, n531) than in the wild type (mean mitochondrial number 3.18260.1818, n533; Fig. 2F ). Wild-type mitochondrial morphology was restored in the mutant (ewg (Fig. 2G,H) showed that despite changes in the size and shape of mutant mitochondria, the cristae inside these mitochondria (Fig. 2H,H9 , arrowheads) looked similar to the wild-type ones (Fig. 2G,G9 ). The cristae were closely organised relative to each other, forming a continuous narrow structure in mutants as in the wild type.
flies (
Loss of Ewg results in phagosomal destruction of mitochondria
Damaged or dysfunctional mitochondria are usually removed from cells through a process called mitophagy, where such mitochondria are encapsulated by a double membrane structure called the autophagosome (Youle and Narendra, 2011) . Mitochondria can also be digested in lysosomal bodies, which are known to break down every engulfed organelle (Youle and Narendra, 2011) . In order to check whether degenerated muscle clumps observed in mutant (ewg l1 ; NS 4 ) flies (Fig. 1B ,C) underwent lysosomal degradation in a mitochondria-dependent manner, lysosomal markers (Lysotracker and anti-LAMP-1; lysosomal-associated membrane protein-1) were used. Because such clumps are not observed in wild-type flies, data are shown only for the mutants. Lysotracker, which selectively stains lysosomes, colocalised with Mitotracker (mitochondrial marker; Fig. 3A -A90, n515 fly hemithoraces), suggesting that fusiondeficient mitochondria were engulfed by lysosomes and degraded in an autophagy-dependent manner. We have further confirmed lysosomal degradation using an antibody against LAMP-1 (Fig. 3B-B90 ) that stained degenerated muscle clumps (Fig. 3B9, n510 hemithoraces) , and phalloidin-FITC was used to mark actin within the degenerated clumps and in the outer membrane of the lysosomal structures (Fig. 3B) . EM was further used to observe lysosomal structures between the myofibrils. Neither mitophagy nor lysosomal bodies were visible in the wild-type DLM (Fig. 3C ), but in the Ewg null mutant IFM, a number of lysosomal bodies (Fig. 3D, arrows) were seen, predominantly around a broken myofibril (Fig. 3D, asterisk) . A magnified view shows lysosomes (Fig. 3E , arrows) containing encapsulated mitochondria (Fig. 3E, arrowhead) , and electron Mitochondrial area is significantly reduced in the mutant (P50.0021; *P,0.005, two-tailed Student's t-test); n556 for mutant and n548 for the experimental control. (E) Mitochondrial aspect ratio (major axis/minor axis) is found to be significantly lower in the mutant (***P,0.0001; two-tailed student's t-test); n557 for mutant and n576 for the wild type. (F) Number of mitochondria that span three sarcomeres is more in the mutant compared with the wild type (***P,0.0001; two-tailed Student's t-test); n531 for mutant and n533 for the wild type. Data are means 6 s. dense particles. In addition, mitophagy, a process whereby individual mitochondria are engulfed in a double membrane phagosome, was also observed in the Ewg null flies (Fig. 3F , arrowheads).
In order to assess the functionality of these smaller mitochondria, three different approaches were employed. The first was a survival test of flies against oxidative stress induced by Paraquat feeding (Tang et al., 2009) . Paraquat enhances oxidative stress in association with mitochondria (Fukushima et al., 2002) . Survival of mutant flies was found to be compromised (supplementary material Fig. S2A ) compared with wild-type and the rescued ewg l1 ; UAS-ewg; NS 4 flies, suggesting inefficient mitochondrial activity. In the second approach, cytochrome c levels in the IFM mitochondria were measured and found to be substantially reduced compared with wild type (supplementary material Fig. S2B ). Finally, succinate dehydrogenase (SDH) activity was measured and found to be similar in the mutant and wild-type IFMs (supplementary material Fig. S2C ). Overall, the experiments indicated dysfunctional mitochondria in mutants.
Ewg is required for mitochondrial fusion through upregulation of Opa1-like A large number of smaller mitochondria could result from either reduced fusion or amplified fission. The transcript levels of major genes known to be involved in mitochondrial fusion and fission (supplementary material Fig. S3A ,B) were examined in IFMs using both conventional RT-PCR and quantitative real-time RT-PCR. Mitochondrial assembly regulatory factor (Marf) is the Drosophila homolog of Mitofusin (Mfn) required for outer mitochondrial membrane fusion. Optic atrophy 1-like (Opa1-like), the Drosophila homolog of Optic atrophy 1 (Opa1) has a role in inner membrane fusion (Chen and Chan, 2009 ). Dynamin related protein 1 (Drp1) is required for fission and is present outside mitochondria but is recruited in association with an adaptor protein, dFis1 (Chen and Chan, 2009 IFMs, a rescue experiment was performed to examine whether overexpression of Opa1-like in the ewg l1 ; NS 4 background using muscle-specific Dmef2-Gal4 could rescue the mitochondrial and IFM defects. Low isoform expression was observed in the IFM of rescued flies (Fig. 4B ,B9, lane 3) compared with none of the transcript in the mutant (Fig. 4B , lane 2). The mutant mitochondrial phenotype (Fig. 4D ) was significantly rescued by Opa1-like expression (Fig. 4E ) towards a wild-type phenotype (Fig. 4C ). Mitochondrial area (Fig. 4F ) and its aspect ratio ( Fig. 4G ) were quantified and found to be similar to those of the wild type. Also, the clusters of fragmented myofibrils observed in mutant IFM (Fig. 1B,C) were reduced in the Opa1-like-rescued flies (Fig. 4H ).
Because Ewg function seems to be upstream of Opa1-like, the expression of Ewg was extended beyond its expression time window using two Gal4 lines: Mhc-Gal4 and an uncharacterized Gal4 line (BS#8700 from the Bloomington stock center). Both the Gal4 lines showed IFM expression (supplementary material Fig. S4A ) of a reporter GFP line after the Ewg expression time window, which continued until the adult stage. Extending Ewg expression using UAS-ewg with these drivers in IFM until the adult stage did not upregulate Opa1-like expression (Fig. 4A,A9 , lane 4). However, myofibril thinning and mitochondrial fragmentation (supplementary material Fig. S5A ,B, arrowheads) were obvious in these adult IFMs. The mitochondria were round, small, lacked organization of the cristae and were also broken along the membrane, reflecting membrane distortion. Extremely small and electron-dense mitochondria were also found (supplementary material Fig. S5B , asterisk).
Mitochondrial morphology throughout DLM development
The smaller mitochondria in the Ewg null mutant made it imperative to determine the changes in mitochondrial shape and size during DLM development. It was important to identify the period during which the mitochondria initiate fusion to generate the large mitochondria as seen in adult DLM. Confocal microscopy of UAS-mitoGFP, driven by muscle-specific Dmef2-Gal4, and EM were used to monitor mitochondrial shape and size. The mitochondria were mostly thin and seen as continuous streaks at 18 hours APF, 24 hours APF and 28 hours APF (Fig. 5A-C) . At 45 hours APF, the mitochondria had become more elongated but remained thin (Fig. 5D) . By 55 hours APF, these mitochondria had become larger and rounder (Fig. 5E ). Extensive growth continued as late as 75 hours APF but the mitochondria remained rounder (Fig. 5F) . In a few instances they were large and tubular, indicating fusion had occurred (Fig. 5G, dashed outlines) . MitoGFP expression that was followed throughout DLM development delivered similar ; E) DLM. Phalloidin-FITC is used to counterstain muscles. (F,G) IFM mitochondrial area (F; n575 for wild type, 57 for mutant, 91 for rescue) and aspect ratio (G, n548 for wild type, 56 for mutant, 50 for rescue) are rescued with IFM-specific expression of Opa1-like in the mutant background. ANOVA analysis with Newman-Keuls post-hoc test (***P,0.0001; *compared with wild type; w compared with the mutant) was used. (H) Percentage of hemithoraces show fewer degenerate clumps in the rescue genotype compared with mutant genotype flies. Scale bars: 3.5 mm. Fig. S6A-G) . In the adult, single rows of tubular mitochondria filled the inter-myofibrillar space ( Fig. 5H,I ; summarised in Table 1 ).
results (supplementary material
Muscle developmental defects and degeneration in Opa1-like knockdown flies
Muscle dystrophy and other muscle diseases are often associated with decline in nuclear-encoded mitochondrial gene expression or mitochondrial dysfunction (Chen et al., 2000; Gannoun-Zaki et al., 1995; Kuznetsov et al., 1998) . To determine whether the primary effect of the Ewg null mutation is on muscle degeneration with consequent mitochondrial defects or the reverse causality of a primary mitochondrial defect leading to muscle degeneration, a knockdown of Opa1-like was performed. Using the Gal4-UAS system and UAS-Dicer (Dietzl et al., 2007) to enhance RNAi expression, efficient knockdown of Opa1-like was achieved in the muscles (Fig. 6E) . Because Dmef2-Gal4 drives expression of this RNAi in all the muscles, including leg and jump muscles (Schnorrer et al., 2010) , the flies fail to eclose, so either escaper flies or late stage pupae were used. As shown in the previous section, wild-type mitochondria were larger and tubular in shape (Fig. 6A,G) whereas Opa1-like knockdown resulted in smaller ( Fig. 6B-B0 ; mean area 0.284660.01137 mm 2 , n579, Fig. 6F ) and rounder mitochondria (mean aspect ratio 1.09860.009525, n591, Fig. 6G ). Such a phenotype was also observed (Fig. 6C-C0 ) upon knocking down Marf, required for outer mitochondrial membrane fusion. Mitochondria were smaller, but still bigger than in the Opa1-like-deficient muscles (mean area 0.636960.04055 mm 2 , n593, Fig. 6F ) and rounder (mean aspect ratio 1.18060.02015, n587, Fig. 6G ). However, unlike Opa1-like knockdown flies, the Marf knockdown flies were able to eclose and showed less severe muscle defects (M.R. and U.N., unpublished). Myofibrils in the Opa1-like knockdown flies were thinner (Fig. 6B-B0 ) compared with the wild-type flies (Fig. 6A-A0) and Based on present data (mitochondrial morphology) and previously reported data on IFM development (Fernandes et al., 1991) .
Ewg null mutant flies (see Fig. 2B ). Large numbers of degenerating clumps of muscles were also found in the Opa1-like knockdown flies ( Fig. 6D-D0 ) similar to the Ewg null phenotype. However, the clumps showed diffuse staining both of actin and mitochondria suggesting severe degeneration (Mitotracker staining also revealed this; data not shown).
Ultrastructural observations of IFMs from Opa1-like knockdown flies revealed Z-disc clumping (supplementary material Fig. S7B ,C) and streaming (supplementary material Fig. S7C ), which were not seen in wild-type muscles (supplementary material Fig. S7A ) and indicate abnormal muscle development. EM cross-sections showed large interfibrillar spaces, widespread glycogen particles and widely spaced mitochondria with occasional vacuoles (supplementary material Fig. S7D ). In addition, the DLMs of the Opa1-like knockdown flies were smaller (supplementary material Fig. S7F ) compared with those of the wild type (supplementary material Fig. S7E) . These results indicate a role for Opa1-like and thus mitochondrial fusion, in determining DLM size.
In order to check whether Opa1-like expression is altered in muscles with smaller and rounder mitochondria, we looked for Opa1-like expression in IFMs of actin null flies and calcineurinB2 knockdown flies. Both the flies have been shown to have fusion-deficient smaller mitochondria and IFM defects (R.J. and U.N., unpublished data), yet the Opa1-like levels were not altered (supplementary material Fig. S8 ), suggesting that not all muscle degeneration or mitochondrial fusion defects lead to loss of Opa1-like expression.
Mitochondrial crista defects in Opa1-like knockdown muscle
Electron micrographs of IFMs from Opa1-like knockdown flies showed a severe ultrastructural anomaly in which the mitochondria (Fig. 6I) were consistently rounder and smaller than those of the wild type (Fig. 6H) . The wild-type mitochondria had a compact alignment of stacked cristae (Fig. 6H,H9) , which was not the case in the Opa1-like knockdown genotype (Fig. 6I) . However, double-membrane structures containing matrix-like electron dense material were frequently seen (Fig. 6I9-I-) .
Opa1-like knockdown later during myofibrillogenesis does not cause any defect
Because Opa1-like knockdown throughout IFM development resulted in a severe phenotype, Opa1-like expression during wild-type IFM development was characterized. RNA was extracted from four different DLM developmental stages (stages are summarized in Table 1 ). Conventional RT-PCR and quantitative real-time RT-PCR were performed on RNA extracted from flies aged to different stages, using Opa1-like primers (rp49 was used as reference gene). The results (Fig. 7A,A9) showed that expression of Opa1-like increases dramatically with the progression of development, with maximal levels observed in the adult IFMs.
Ewg is expressed from 8 hours APF to 46 hours APF (DeSimone et al., 1996), so we knocked down Opa1-like after the end of this Ewg expression window, i.e. beyond 42-46 hours APF. Mhc-Gal4 driver (supplementary material Fig. S3 ), UAS-dicer and UAS-RNAi (see Material and Methods) were used to knockdown Opa1-like beyond the expression period of Ewg. Opa1-like levels declined significantly (***P,0.0001) in IFMs of 72-78 hours APF pupae and adult flies (Fig. 7B,B9) . On comparing Opa1-like expression in wild-type and the knockdown flies, we observed a drastic decline in the expression in late-stage pupal (72-78 hours APF) and adult IFMs (Fig. 7C) whereas expression in mid-pupal IFM (42-48 hours APF) remained unchanged (Fig. 7C) . Despite a decline in the Opa1-like expression, the progeny flies (n535, Fig. 7D ) were able to fly like their wild-type counterparts. Moreover, examination of the ultrastructure of the DLMs did not show any muscle or mitochondrial defects (Fig. 7F-F0 compared with wild type, Fig. 7E-E0 ). The mitochondrial area (Fig. 7G ) and aspect ratio (Fig. 7H) were seen to be comparable with those of the wild type.
DISCUSSION
Many studies have linked alteration in the process of mitochondrial fusion and fission to atrophic muscle loss (Romanello and Sandri, 2010) . However, the muscle-specific mechanism(s) responsible for dynamic changes in mitochondrial size, shape and number, in response to developmental requirements have not been elucidated. In addition, it is not known how mitochondrial shape and size changes with progression of muscle differentiation and growth. In the present study, we have examined mitochondrial dynamics throughout IFM development, spatiotemporal regulation of mitochondrial fusion and the consequences of altering the activity and/or expression of molecules involved in mitochondrial fusion in IFMs. The results demonstrate that: (1) mitochondria undergo extensive growth and fusion in late pupal and adult IFM, when muscles undergo hypertrophic growth; (2) Ewg is required for upregulation of the inner mitochondrial membrane fusion gene, Opa1-like during IFM development; and (3) IFM mitochondrial fusion is required for mitochondrial function and maintenance of muscle integrity.
Mitochondria undergo extensive fusion during IFM development
The morphology and distribution of mitochondria differ between cell or tissue types and are known to be responsive to physiological conditions. Changes in mitochondrial morphology have been documented at different stages of the cell cycle, with reticular structures present predominantly in G1 and fragmented mitochondria in S phase (Barni et al., 1996; Margineantu et al., 2002) . The function and plasticity of differentiated neurons is largely dependent on mitochondrial fission (Chang and Reynolds, 2006; Li et al., 2004) . Similarly, in leukocytes, mitochondrial fission is important for chemotactic activity (Campello et al., 2006) . In contrast, tissues with high metabolic fluxes, such as skeletal muscle and liver, have large mitochondria upon differentiation (Bakeeva et al., 1981; Bakeeva et al., 1978; Brandt et al., 1974) . Mitochondrial fusion is also indispensable for mouse embryonic development (Chen et al., 2003a) and Drosophila spermatogenesis (Hales and Fuller, 1997) . As in vertebrate skeletal muscle (Bakeeva et al., 1981; Bakeeva et al., 1978) , we found that mitochondria in the Drosophila IFMs are thin and reticular during early development. During mid-pupal phase, when sarcomeres are assembling (Reedy and Beall, 1993) , the mitochondria increase in size and become rounder. It is only during the late pupal stages when hypertrophic growth of muscles is taking place (Reedy and Beall, 1993) that mitochondria fuse to form the characteristic large tubular mitochondria (Fig. 5) . This means that changes in mitochondrial shape and size can be correlated with specific stages of IFM development (Table 1) and that IFM myogenesis is likely to be sensitive to alterations in mitochondrial fusion or its regulation. In adult IFM, up to 40% of flight muscle volume is occupied by large mitochondria (Sohal, 1976) . This reflects the high metabolic rates of oxidative phosphorylation in Drosophila IFM that are approximately ten times greater than those of human skeletal muscle (Crossley, 1978) . As a result, IFMs are an ideal model to investigate mitochondrial dynamics in muscle development, maintenance, function and disease.
Absence of Ewg causes mitochondrial fusion defects and IFM degeneration
In vertebrates, nuclear factors, such as NRF1 and NRF2, control mitochondrial biogenesis and function (Scarpulla, 2006) . The Drosophila homolog of NRF2, Delg is involved in mitochondrial biogenesis in larval fat bodies (Baltzer et al., 2009) . Ewg is the Drosophila homolog for NRF1 with the same protein domains (Fazio et al., 2001) . Despite reported roles for Ewg in the IFM and the nervous system (DeSimone et al., 1996; DeSimone and White, 1993; Haussmann et al., 2008) , no reports link Ewg to the mitochondria. Although NRF1 has been well studied as a mediator of mitochondrial biogenesis (Evans and Scarpulla, 1990; Kelly and Scarpulla, 2004) , its role in mitochondrial shape and number has also not been reported. Induction of homozygous mutant clones of an ewg null allele (ewg 2 ) in the larval fat body did not result in any mitochondrial phenotypes (Baltzer et al., 2009) . However, here, we show that mitochondria are smaller (Fig. 2) , functionally compromised (supplementary material Fig. S2 ) and undergo mitophagy and autophagy in the absence of Ewg in adult IFMs (Fig. 3) . This dramatic shift in mitochondrial shape is probably a key cause of the IFM degeneration observed in adult IFM. Both mitochondrial and muscle degeneration defects were rescued by overexpression of Opa1 in muscles that lacked Ewg (Fig. 4C-H) . Consistent with this proposed role for Ewg in IFM maintenance, there are reports in vertebrates supporting a role for NRF1 in tissue maintenance. Chimeric analysis in rat showed that loss of NRF1 leads to liver cell apoptosis (Chen et al., 2003b) and larval lethal mutation of not really finished (nrf) in zebrafish results in neuronal apoptosis (Becker et al., 1998) . Our results suggest that these effects should be examined for a primary defect in mitochondrial dynamics.
Ewg regulates mitochondrial fusion during IFM development
Despite the considerable work to date to identify the proteins involved in mitochondrial dynamics, the cell or tissue specific mechanisms governing their spatiotemporal expression are largely unexplored. The genes that encode the proteins required for mitochondrial fusion and fission are nuclear, and how their expression in tissues is regulated is incompletely understood (Chan, 2012) . Our results show that the Drosophila homolog of NRF1, Ewg upregulates expression of Opa1-like (Drosophila homolog of Opa1), known for its requirement in inner membrane fusion of mitochondria. An absence of fusion accounts for the smaller mitochondria in the IFM of Ewg null flies. It is plausible that Ewg facilitates mitochondrial fusion in response to increased demand of the growing muscles during the mid-pupal phase. The Opa1-like promoter, however, lacks the Ewg binding consensus sequence (data not shown) and our experiment to extend the developmental expression of Ewg failed to induce Opa1-like (Fig. 4A,A9 , compare lane 4 and lane 1). These results indicate that Ewg must indirectly regulate Opa1-like expression in conjunction with other DNA-binding factors during the expression window of Ewg. It will be important to find cofactors that cooperate with Ewg to regulate Opa1-like transcription.
Because the Ewg expression window is short, from 8 hours APF to around 40 hours APF (DeSimone et al., 1996) , we propose that Opa1-like synthesized during the Ewg expression window becomes anchored in the mitochondrial membrane where it persists throughout the life of the cell, being exchanged through the processes of mitochondrial fusion and fission. Knockdown of Opa1-like throughout IFM development (starting before the Ewg expression window) adversely affects crista formation as well as differentiation ( Fig. 6I; Fig. 8C ), yet in the Ewg null condition this is not the case (Fig. 2H,H9) . To explain this, we propose that basal Opa1-like levels in the Ewg null are sufficient for crista formation and differentiation but not enough for fusion in the growing IFM (Fig. 8D) . Later during myofibrillogenesis, Ewg facilitates upregulation of Opa1-like levels to support mitochondrial growth and fusion. Consistently, knockdown of Opa1-like levels after the Ewg expression window did not to affect muscle integrity or mitochondrial morphology ( Fig. 7E-H ; Fig. 8B ), indicating that Opa1-like levels upregulated during the Ewg expression window, which is pre mid-pupal phase, are sufficient to foster both muscle integrity and mitochondrial morphology and function (summarized in Fig. 8 ).
We also found that Opa1-like affects not only mitochondrial shape and size, but also crista formation, in agreement with previous reports on yeast cells (Frezza et al., 2006; Meeusen et al., 2006; Olichon et al., 2003) . In addition, our in vivo study provides insights into the role of mitochondrial fusion in normal muscle growth, fibre organisation and maintenance of muscle integrity in Drosophila (supplementary material Fig. S7 ). Subtle differences in the Opa1-like knockdown muscle in the form of aberrant Z-bands and frail thin filaments (supplementary material Fig. S7B,C) indicate an additional role of mitochondrial fusion in early differentiation stages. Thus, Opa1-like functions in differentiation, growth and maintenance of muscles and each of these activities is temporally controlled. In the present study we show that upregulation of Opa1-like by Ewg during IFM development is responsible for mitochondrial fusion and adult muscle maintenance (Fig. 8) . Myopathological conditions involving mitochondrial fusions have been studied with respect to Mitofusin (Chen et al., 2011; Dorn et al., 2011; Fang et al., 2007) . However, the only reported case of Opa1 depletion in a myopathy is that of ischaemic cardiomyopathy in humans . Clearly, further research into the role of mitochondrial fusion in tissue survival and diseases is needed.
Regulation of mitochondrial dynamics in vertebrates: a comparison
In vertebrates, peroxisome proliferative activated receptor-c coactivator-1a (PGC-1a) is a known regulator of mitochondrial biogenesis and function (Austin and St-Pierre, 2012; Wu et al., 1999) . PGC-1a and its target estrogen-related receptor-a (ERR-a) are known to stimulate Mfn2 expression in muscles under conditions of high energy expenditure (Cartoni et al., 2005; Soriano et al., 2006) . Another nuclear co-activator, PGC-1b has been shown to regulate basal levels of Mfn2 in skeletal and cardiac muscles (Liesa et al., 2008; Zorzano, 2009) . PGC-1a induces activation of both NRF1 and NRF2, which are required for expression of nuclear-encoded mitochondrial genes (Scarpulla, 2008) . The Drosophila homolog of PGC-1a, Spargel coordinates mitochondrial biogenesis in the larval fat body in response to insulin (Tiefenböck et al., 2010) but the downstream effectors have not been studied in detail. Like ERR a, another target of PGC-1a, peroxisome proliferator-activated receptor delta (PPAR-d) has a role in the regulation of Mitofusin (outer membrane fusion) and Drp1 (fission) expression (Li et al., 2009) . Expression of both NRF1 and NRF2 which facilitates mitochondrial biogenesis is also modulated by PPAR-d Wang et al., 2010) . However, roles for the NRFs in regulation of the genes involved in mitochondrial fusion and fission have not been found. In contrast to Mfn2, Opa1 expression is unaffected by changes in PPAR-d or PGC-1 (Liesa et al., 2008) activities, suggesting that their regulation is through an independent pathway. It will be interesting to determine whether NRFs, which are downstream of PGC-1, can independently regulate the expression of mitochondrial fusion and fission genes as we have shown for the NRF1 homolog, Ewg in this study. In a recent genome-wide microarray analysis, conserved Yorkie/YAP signalling has been shown to upregulate expression of both Marf and Opa1-like in Drosophila eye discs (Nagaraj et al., 2012) . Because IFM serves as a good model, such complex networks involved in controlling mitochondrial dynamics could be studied in IFM, to link mitochondrial dynamics to muscle development and their relevance to human myopathies.
Conclusion
The data presented in this study provide important insights into the mechanism by which mitochondrial fusion is regulated in developing IFMs during differentiation and growth. The transcription factor/co-activator Ewg exerts a spatiotemporal regulation on Opa1-like expression in differentiating DLMs. We have shown that Opa1-like is upregulated during the Ewg expression window, which is important for mitochondrial fusion later during IFM growth. The study also identified an additional role for Opa1-like, not reported previously, in the formation of normal sarcomeres and fibre organisation. This has implications for the muscle loss associated with myopathies. Future work is required to examine the extent to which such temporal regulation contributes to mitochondrial dynamics. A comprehensive understanding of the mechanisms whereby mitochondria govern muscle maintenance is needed to develop potential therapeutic approaches to alleviate muscle disease(s).
MATERIALS AND METHODS
Flies
Canton S was used as the wild type unless specified. Dmef2-Gal4 (BS#27390: III chromosome) (Ranganayakulu et al., 1996) was used to drive early pupal IFM expression; and Mhc-Gal4 (III chromosome) (Schuster et al., 1996) and BS#8700 was used for late pupal IFM expression (post 46 hours APF; supplementary material Fig. S4 ). UAS-mito-GFP (BS#8443: III chromosome, BS#8442: II chromosome) (Pilling et al., 2006) was used for tracing mitochondria. UAS-Opa1-like RNAi (v106290, VDRC, Vienna: II chromosome) and UAS-Marf RNAi (v105261, VDRC, Vienna: II chromosome) were used for respective knockdown experiments. UAS-Opa1 (C-terminally FLAG-tagged, III chromosome) (Park et al., 2009) , where neuronal functions of Ewg are rescued through the NS 4 transgene (DeSimone and White, 1993). To obtain developmentally timed pupae, white prepupae were collected and aged as described previously (Fernandes et al., 1991) ; age is given in 'hours after puparium formation' (hours APF).
Flight test
The flight capability of 2-to 3-day-old flies was tested as previously described (Drummond et al., 1991) . Flies are released into a 'sparrow box' which had a light source on top. Flying flies move towards light (labelled 'up'). Weak flying flies either move 'horizontal' to the axis at which they were released into the box or fly at an angle below the axis (labelled 'down'). The flightless mutant flies drop down. Each fly was released three times into the box at a gap of 2 minutes to confirm the observation.
Staining
Adult flies were bisected and fixed in 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) and washed in PBTx (PBS + 0.03% Triton X-100). Fixed samples were incubated in 500-1000 nM solution of Mitotracker in PBS (M22425, Molecular Probes; 1 mM stock in dimethyl sulphoxide; DMSO) at 37˚C for 30 minutes. Dmef2-Gal4 driven UAS-mitoGFP was also used to image mitochondria. Lysotracker (L7526, Molecular Probes; 1 mM stock in DMSO) staining was performed as for the Mitotracker with an extended incubation time of 1 hour at 37˚C. For antibody staining, fixed samples were incubated in primary antibody (overnight at 4˚C), then blocked with 2% BSA (2 hours) and incubated in secondary antibody (2 hours). The IFM preparations were then washed and counterstained with phalloidin-TRITC or FITC (P1951-TRITC, P5282-FITC, Sigma, 50 mg/ml stock) to muscles. Samples were mounted in Vectashield (Vector Laboratories, USA). Antibodies used were: rabbit anti-Dmef2 (1:100, a kind gift from Eileen Furlong, EMBL, Heidelberg, Germany), mouse mAb22C10 (1:50, a kind gift from K. VijayRaghavan, NCBS, Bangalore), rat anti-LAMP-1 (1:50, a kind gift from G. Subba Rao, IISc) and anti-cytochrome-c (1:50, no. 4272, Cell Signaling Technology). Secondary antibodies used were Alexa-Fluor-488-labelled goat anti-rabbit IgG (1:1500, Molecular Probes) and Alexa-Fluor-594-labelled goat anti-mouse IgG (1:1500, Molecular Probes). Confocal images were acquired using a Zeiss LSM 510 microscope and processed using LSM software (version 3.2.0.115).
Figures were assembled using Adobe Photoshop CS (version 8.0) and Corel Draw 12 (version 12.0.0.458).
Electron microscopy
Adult and pupal hemithoraces were dissected in PBS (pH 7.2) and fixed overnight at 4˚C in 3% glutaraldehyde (Electron Microscopy Sciences) in sodium cacodylate buffer, pH 7.14. Tissues were washed with sodium cacodylate buffer (62, 15 minutes), fixed with 1% osmium tetroxide in buffer (90 minutes), dehydrated through an alcohol series, en-bloc stained with 2% uranyl acetate in 95% ethanol (1 hour), and dehydrated in absolute ethanol (62, 30 minutes). Samples were cleared with propylene oxide (62, 15 minutes) to facilitate infiltration. Infiltration was performed by keeping the tissues in 1:1 propylene oxide: epoxy resin (overnight), followed by three changes (363 hours) of embedding medium. Tissues were oriented and kept at 60˚C for 48 hours for resin polymerisation. Sections were cut (Leica EM UC6), stained with uranyl acetate for 2 hours, washed in distilled water, dried and stained with lead citrate for 5-7 minutes and finally washed. Images were captured using an FEI Tecnai electron microscope.
RNA and PCR
RNA from dissected IFMs of aged pupae and adult flies was extracted in Trizol (Sigma) as per the manufacturer's protocol and treated with DNase I (Fermentas, cat. no. EN0521). cDNA was made using a first strand cDNA synthesis kit (Maxima H Minus First Strand cDNA Kit, Thermo Scientific, no. K1652). The following primers were used for amplification: Opa1-like (Fp: 59-AACGGTGGAGCCAGTTCTCG-39; Rp: 59-TGATCTCCGTCTGCAGCGTC-39), Marf (Fp: 59-TCTACG-GCGAGATCGAGGAG-39; Rp: 59-GAGCTCTTGCCGTTGGAGGT-39), Drp1 (Fp: 59-GGACTGCCTGCCAGATCTTA-39; Rp: 59-CACAGT-TCCGTGGTCTCGAT-39) and reference ribosomal protein 49 (rp49) (Fp: 59-TTCTACCAGCTTCAAGATGAC-39; Rp: 59-GTGTATTCC-GACCACGTTACA-39 and Fp: 59-AAGCTGTCGCACAAATGG-39; Rp: 59-ATCCGTAACCGATGTTGG-39). For quantitative PCR, all reactions were carried using DyNAmo TM HS SYBR green mix (Thermo Scientific F-410L). Fluorescence intensities were recorded and analysed in an ABI Prism 7900HT sequence detection system (Applied Biosystems SDS 2.1 software, USA). The relative expression level was normalized using rp49 as reference gene. For semi-quantitative PCR, reactions were carried out using 26 PCR buffer (Fermentas). PCR products were resolved on 2% agarose gel.
Western blotting
Dissected IFMs from pupae or adults were homogenized in sample buffer (312.5 mM Tris-HCl pH 6.8, 10% SDS, 0.5% Bromophenol Blue, 50% glycerol, 25% 2-mercaptoethanol) and denatured for 3 minutes at 95˚C. The samples were loaded and run on 12.5% resolving gel. Western blotting was performed as previously described (Nongthomba et al., 2007) . The following anti-sera were used: mouse anti-tubulin (1:1000, Sigma Life Sciences, USA), rabbit anti-Opa1 (1:500, M6319, Sigma, Life Sciences, USA) (Poole et al., 2010) .
Quantitative analysis
Mitochondrial area and aspect ratio were measured using LSM software. The number of mitochondria was counted manually. Graphs were made and analysed statistically using GraphPad Prism (version 5.0).
Oxidative stress experiments
Sets of 3-to 4-day-old flies, starved for 1-2 hours in empty vials were transferred to vials containing filter papers soaked with 5% sucrose or 5% sucrose and 20 mM Paraquat (Sigma, India) as previously described (Tang et al., 2009 ; NS 4 flies were used and the experiment was repeated three times.
Succinate dehydrogenase test
Bisected flies were incubated with succinate dehydrogenase (SDH) solution for 30 minutes and washed with water before imaging under a compound microscope. SDH solution was prepared by adding 2.5 mg of substrate, disodium succinate in 1 ml of incubating medium. Incubating medium was made by diluting stock solution (1.0 part water with 9.0 parts stock solution). Stock solution contained nitro blue tetrazolium (4 mg/ml), Tris (pH 7.4) and MgCl 2 (5 mM).
